Macrophage is an important innate immune cell that not only initiates inflammatory responses, but also functions in tissue repair and anti-inflammatory responses. Regulating macrophage activity is thus critical to maintain immune homeostasis. Tyro3, Axl, and Mer are integral membrane proteins that constitute TAM family of receptor tyrosine kinases (RTKs). Growing evidence indicates that TAM family receptors play an important role in anti-inflammatory responses through modulating the function of macrophages. First, macrophages can recognize apoptotic bodies through interaction between TAM family receptors expressed on macrophages and their ligands attached to apoptotic bodies. Without TAM signaling, macrophages cannot clear up apoptotic cells, leading to broad inflammation due to over-activation of immune cells. Second, TAM signaling can prevent chronic activation of macrophages by attenuating inflammatory pathways through particular pattern recognition receptors and cytokine receptors. Third, TAM signaling can induce autophagy which is an important mechanism to inhibit NLRP3 inflammasome activation in macrophages. Fourth, TAM signaling can inhibit polarization of M1 macrophages. In this review, we will focus on mechanisms involved in how TAM family of RTKs can modulate function of macrophage associated with antiinflammatory responses described above. We will also discuss several human diseases related to TAM signaling and potential therapeutic strategies of targeting TAM signaling.
INTRODUCTION
Macrophage is a key component of innate immunity which orchestrates initial inflammation and immune homeostasis (Mosser and Edwards, 2008) . Similar to the paradigm of helper T cells, macrophages are classified as M1 or M2 population depending on which stimulus they are first exposed to within a certain microenvironment (Mills et al., 2000) . Specific cytokine or external antigen is a major factor that determines the fate of macrophages. Interferon (IFN)-γ and lipopolysaccharide (LPS) can induce M1 macrophage differentiation while interleukin (IL)-4, IL-10, IL-13, and chitin can induce M2 macrophage differentiation (Lawrence and Natoli, 2011) .
M1 macrophages act on immediate defense against foreign antigens and are essential for initiating adaptive immune response (Mills and Ley, 2014) . Proinflammatory cytokines secreted by M1 macrophages are major driven source of inflammatory responses (Mills and Ley, 2014) . M2 macrophages can repair wounded tissues or help form extracellular matrix by secreting IL-10 or transforming growth factor (TGF)-β (Mills and Ley, 2014) . Many human diseases are related to dominant M1 or M2 macrophage phenotype (Mills, 2012) . Therefore, maintaining a balance between M1 and M2 macrophages is important for immune homeostasis.
Receptor tyrosine kinases (RTKs) are integral membrane proteins that transmit extracellular signal through phosphorylation of tyrosine residue within their cytoplasmic domains (Robinson et al., 2000) . Among 20 subfamilies of RTKs, TAM receptor family consisting of Tyro3, Axl, and Mer is the main family that gives a pleiotropic anti-inflammatory response. Although TAM receptor signaling is essential for NK cell development (Caraux et al., 2006) , it downregulates activities of T cell, invariant NKT (i NKT) cell, NK cell, and dendritic cell (Behrens et al., 2003; Carrera et al., 2013; Paolino et al., 2014; Smiley et al., 1997) . Supporting these observations, TAM deficient (Tyro3
) mice developed spontaneous autoimmune diseases due to chronic inflammatory responses (Lu and Lemke, 2001) . Cancer metastasis in TAM deficient mice is also dampened due to the lack of inhibitory signal of NK cell activity (Paolino et al., 2014) . Moreover, recent evidence has demonstrated that TAM receptor signaling gives anti-inflammatory responses through modulating macrophage activities (Rothlin et al., 2015) .
In this review, we will focus on several mechanisms that describe how TAM receptor signaling inhibits inflammatory responses via manipulation of macrophage phenotype. We will also discuss clinical relevance of TAM receptor signaling in terms of developing new therapeutics against inflammatory diseases and cancer.
TAM FAMILY RECEPTORS AND THEIR LIGANDS
TAM family receptors share several unique signatures within their structures (Graham et al., 1994; Lai et al., 1994; O'Bryan et al., 1991) (Fig. 1) . Two immunoglobulin (Ig) superfamily domains and two fibronectin type domains are well conserved within extracellular domains of TAM family receptors (Graham et al., 1994; Lai et al., 1994; O'Bryan et al., 1991) (Fig. 1) . In the cytoplasmic tail of each TAM family receptor, "KW(I/L)A(I/L)ES" signature sequences are well conserved (Graham et al., 1994; Lai et al., 1994; O'Bryan et al., 1991) (Fig. 1) . Each TAM family receptor also contains intracellular region consisting of a conserved tyrosine kinase domain, autophosphorylation sites, and immunoreceptor tyrosine based inhibitory motif (ITIM) domain (Linger et al., 2011) (Fig. 1) . Like other RTKs, TAM family receptor can form homodimer by autophosphorylation of tyrosine residues within the cytoplasmic tail and transfer signals after interacting with their ligands (Sasaki et al., 2006) (Fig. 1) . Growth arrest-specific gene 6 (Gas6) and Protein S (Pros1) are two well-known ligands for TAM receptors (Stitt et al., 1995) . Although Gas6 and Pros1 share only 40% amino acid identities, they have several conserved domains ( Fig. 1) . For example, γ-carboxyglutamate-rich domain (Gla domain) is located at their amino terminus of both proteins (Nagata et al., 1996) . Gas6 and Pros1 need vitamin-K dependent γ-carboxylation of glutamate for binding to phosphatidylserine on plasma membrane (Huang et al., 2003) . Gas6 and Pros1 also contain four epidermal growth factor-like domains and one sex hormone binding globulin (SHBG) domain which consists of two globular laminin G-like (LG) domains (Hafixi and Dahlback, 2006) (Fig. 1 ). Based on Gas6 and Axl interaction model, each of two carboxyl terminus SHBG domains of TAM ligands can interact with each Ig superfamily domain of TAM receptor dimer (Sasaki et al., 2006) (Fig. 1 ).
Gas6 and Pros1 have different affinities to each member of TAM family receptors. Gas6 can deliver signal through all three TAM family receptors. It has the highest affinity to Axl. However, Pros1 can only transfer signal through Mer or Tyro3, not Axl (Nagata et al., 1996) . Besides Gas6 and Pros1, Tubby, tubby-like protein 1 (Tulp-1), and Galectin-3 can act as ligands of TAM family receptors (Caberoy et al., 2010; 2012) . The relevant physiological role of interactions between these ligands and TAM family receptors is not well characterized yet.
TAM family receptor is expressed on a broad range of cell types, including hematopoietic lineage cells such as macrophages, dendritic cells, NK cells, i NKT cells, and T cells, and non-hematopoietic cells such as endothelial cells, epithelial cells, neurons, and osteoclasts (Rothlin et al., 2015) . However, TAM deficient (Tyro3
) mice are viable without severe developmental defects (Lu et al., 1999) . The only obvious defect is spermatogenesis in TAM deficient mice (Lu et al., 1999) . These results may reflect that the function of TAM family receptor is overlapped with other RTK proteins during development. Therefore, the function of TAM family receptor might not be essential for living, although it controls the homeostasis of particular biological events.
CLEARANCE OF APOPTOTIC BODIES BY TAM FAMILY RECEPTORS
Analysis of TAM deficient (Tyro3
) mice has given the first clue showing that TAM family receptors are involved in the clearance of apoptotic bodies because TAM deficient mice exhibited sperm abnormality due to inability to remove dead Sertoli cells in testis (Lu et al., 1999) . Several other reports have also demonstrated that TAM family receptormediated phagocytosis is the major mechanism involved in the removal of apoptotic bodies. For example, Mer deficient (Mer -/-) macrophage cannot remove dead cells efficiently when Mer deficient (Mer -/-) thymocytes are challenged by apoptotic que (Scott et al., 2001) . Mer is also involved in the clearance of retinal pigment epithelial cells and deletion of Mer in retina can lead to blindness (Prasad et al., 2006) . A recent study has also suggested that microglia need TAM family receptors to regulate phagocytosis for adult neurogenesis or brain damage repair (Fourgeaud et al., 2016) . Therefore, TAM family receptors contribute to the inhibition of inflammatory responses by initiating phagocytosis through the recognition of apoptotic cells (Lemke et al., 2010) (Fig. 2A) . Otherwise, unremoved apoptotic cell debris often causes severe inflammation, similar to autoimmune disease-like symptoms (Lu and Lemke, 2001) .
TAM family receptor-mediated phagocytic activity in macrophages and dendric cells is only observed when they recognize apoptotic cells because the clearance of bacteria or synthetic particles by phagocytosis still occurs in macrophages and dendritic cells of TAM deficient mice (Scott et al., 2001) . However, recent observation has demonstrated that TAM family receptor signaling can enhance the overall phagocytic activity indirectly by upregulating IL-10 (Segawa et al., 2014), a well-known inducer of phagocytosis (Jung et al., 2004; Lingnau et al., 2004) .
Recently, the mechanism of how TAM family receptor recognizes apoptotic body has been identified. In the steady state, normal cells do not expose phosphatidylserine to the extracellular surface of plasma membrane (Segawa et al., 2014) . However, Flippase which suppresses the exposure of phosphatidylserine to extracellular surface of plasma membrane becomes inactive in apoptotic cells (Segawa et al., 2014) . Subsequently, exposed phosphatidylserine on the extracellular surface can bind to Gas6 or pros1 via Gla domain (Lew et al., 2014) (Fig. 2A) . TAM family receptors expressed on macrophages or dendritic cells can then recognize their ligands and transduce signals to induce phagocytosis through activation of Rac1, one of GTP-binding proteins (Todt et al., 2004; Wu et al., 2005) . Rac1 acts as a positive regulator of phagocytosis by inducing cytoskeletal rearrangement (Castellano et al., 2000) . TAM family receptor signaling activates Rac1 through two different pathways: TAM-phospholipase C γ2 (PLC γ2)-Vav-1-Rac1 and TAM-Src family kinase-Rac1 axes (Todt et al., 2004; Wu et al., 2005) (Fig. 2A) . The TAM-Src pathway also enhances αvβ5 integrin-mediated phagocytosis of apoptotic cells (Wu et al., 2005) .
ATTENUATING INFLAMMATORY RESPONSES BY TAM FAMILY RECEPTORS
The first observation that demonstrated anti-inflammatory effects of TAM family receptors was reported in Mer deficient (Mer -/-) mice . Mer deficient mice are very susceptible to low dose of lipopolysaccharide injection . Supporting this observation, further study has revealed that Gas6/Mer signaling in macrophages can inhibit mRNA transcription of proinflammatory cytokines including IL-1β, IL-6, and TNF-α by blocking translocation of NFκB through phosphoinositide 3-kinaseprotein kinase B (Akt) axis (Alciato et al., 2010) .
Additionally, TAM family receptors on macrophages can attenuate severe inflammatory responses by inhibiting signal transduction of Toll-like receptor (TLR) and type I IFN (Rothlin et al., 2007) . TLRs expressed on macrophages and dendritic cells can recognize various pattern associated molecular patterns (PAMPS) and initiate inflammatory response via TLRmediated signals (Medzhitov et mediated Type I IFN production is known to promote initial inflammatory responses because type I IFN signaling can initiate mRNA transcription of many genes involved in innate immunity, including proinflammatory cytokines (Takeuchi and Akira, 2010) . TAM receptor signaling induce suppressor of cytokine signaling (SOCS) proteins in a Type I IFN receptor (INFAR) and signal transducer and activator of transcription 1 (STAT1)-dependent manner (Rothlin et al., 2007) . These induced SOCS proteins can act as E3 ubiquitin ligases that target mediator proteins of TLR and type I IFN signaling (Rothlin et al., 2007) . Ubiquitinated molecules then undergo degradation by proteasomal complex (Rothlin et al., 2007) . During type I IFN-mediated inflammation, TAM receptors expressed on macrophage can also suppress production of TNF-α, one of proinflammatory cytokines, by activating Twist transcriptional suppressors (Sharif et al., 2006) . Twist proteins (Twist1 and Twist2) are transcriptional repressors of TNF-α because Twist proteins can bind to an E-box of TNF-α promoter and inhibit the activity of p65 subunit of NFκB (Sosic et al., 2003) . Upon binding with its ligands, Axl signaling turns on mRNA transcription of Twist gene and induces Twist protein which inhibits TNF-α transcriptionally (Sharif et al., 2006 (Fig. 2B) . Interestingly, type I IFN signaling is required for the induction of TAM receptor and Gas6 expressions (Rothlin et al., 2007; Sharif et al., 2006) . Type I IFN receptor deficient mice or STAT1 deficient mice did not induce mRNA transcripts of Axl in macrophages (Rothlin et al., 2007) . Therefore, TAM receptor on macrophages seems to provide a negative feedback system which may prevent chronic inflammation status (Rothlin et al., 2007; Sharif et al., 2006) .
INHIBITION OF NLRP3 INFLAMMASOME ACTIVATION VIA AUTOPHAGE INDUCTION BY TAM FAMILY RECEPTORS
A recent study has demonstrated that AXL signaling can inhibit inflammation through autophagy induction in macrophages (Han et al., 2016) (Fig. 2C) . Autophagy is critical for regulating cell homeostasis that can enhance cell survival through degradation of damaged organelles or cytoplasmic components in eukaryotic cells (Klionsky and Emr, 2000) . Two tyrosine residues in the cytoplasmic domain of Axl are autophosphorylated when Gas6 binds to Axl on macrophages (Han et al., 2016) . This autophosphorylation activates p38α mitogen-activated protein kinase (MAPK) (MAPK14) pathway. Activated MAPK14 can induce autophagy formation through increasing expression of Atg5, Becn1, and Map1lc3b genes (Han et al., 2016) . The induced autophagy then restrains NLRP3 inflammasome because Gas6/Axl induced autophagy can remove reactive oxygen species released from damaged mitochondria (Han et al., 2016) . Previous observations have also demonstrated that reactive oxygen species released from damaged mitochondria can activate NLRP3 inflammasomes (Nakahira et al., 2011; Zhou et al., 2011) . Inhibition of NLRP3 inflammasome activation is known to block the activity of caspase 1, a key enzyme for maturation and secretion of IL-1β and IL-18 (Han et al., 2016; Schroder and Tschopp, 2010; Stutz et al., 2009) (Fig. 2C) . These results provide additional information on how TAM receptor expressed on macrophage inhibits inflammatory responses.
INHIBITION OF M1 MACROPHAGE POLARIZATION BY TAM FAMILY RECEPTORS
Cancer cells can change their microenvironment by recruiting immune cells to support their survival and metastasis (Solinas et al., 2009) . Macrophages are dominant population of immune cells that infiltrate into the tumor microenvironment. Up to 50% of immune cells that migrate into tumor niche are macrophages (Solinas et al., 2009) . In tumor microenvironment, macrophages can become tumorassociated macrophages to secret abundant IL-10 with phenotype similar to M2 macrophage (Grivennikv et al., 2010; Lewis and Pollard, 2006; Sica and Bronte, 2007) . Therefore, new strategies need to be developed to remove tumorassociated macrophages from tumor niche for better anticancer therapy. Recent evidence has indicated that cancer cells can utilize TAM receptor signaling to convert tumor-infiltrated monocytes into tumor-associated macrophages (Loges et al., 2010; Ubil et al., 2018) . Some malignant tumors can secret Gas6 and Pros1 to bind to TAM receptor on macrophages (Loges et al., 2010; Ubil et al., 2018) . After binding to Gas6, TAM receptor signaling on macrophages can produce more macrophage colony-stimulating factor and IL-10, leading to recruitment of more monocytes into tumor niche and differentiation of more monocytes into M2 macrophages or tumor-associated macrophages (Loges et al., 2010) (Fig. 2D) . Pros1 secreted by malignant tumors also initiates Mer and Tyros3 signaling to activate protein tyrosine phosphatase 1b (PTP1b) on macrophages (Ubil et al., 2018) . Activated PTP1b then suppresses the activity of M1 macrophages by inhibiting MAPK 14-mediated M1 macrophage gene expression (Ubil et al., 2018) . Therefore, tumors can utilize TAM receptor on macrophages to enhance their survival against immune surveillance (Fig. 2D) .
CONCLUSION
Currently, immunotherapy is a major tool to treat many human diseases including hypersensitivity, autoimmune disease, graft rejection, and cancer. Immunotherapy is designed based on immune modulatory effects of particular immune cell types. As an immune modulator, macrophage is a powerful governor that initiates or block inflammatory responses by manipulating activities of other immune cell populations. Therefore, finding new key molecule that can regulate the activity of macrophage may be a beneficial strategy to design novel immunotherapy.
As described above, numerous observations have suggested that TAM family receptor expressed on macrophage can act as a powerful inhibitor against a broad range of inflammatory responses (Fig. 2) . Accordingly, enhancement of TAM receptor signaling may be one option to suppress inflammatory diseases such as graft rejection and autoimmune disease. In contrast, inhibition of TAM receptor signaling may be necessary for successful anti-cancer therapy or applied to new regimen to treat M2-prone allergic responses. Indeed, several examples have already shown the possibility of TAM receptor signaling as a new drug target. For example, TAM receptor signaling inhibits an allogenic type I IFN response in murine islet or heart transplant model (Zhang et al., 2018) . Also, specific delivery of Gas6 targeting central nervous system can protect axon against damage in experimental autoimmune encephalomyelitis (Gruber et al., 2014) . Furthermore, Gas6 weakens inflammatory cytokines in oral squamous cell carcinoma (Hirschi et al., 2018) . Gas6 deficiency in mice enhances allergic airway disease (Shibata et al., 2014) .
The possible drawback to using TAM family receptor as a therapeutic agent which modulates macrophage activity is an unexpected side effect because TAM receptor signaling exhibits a functional pleiotropy on the broad range of cells (Rothlin et al., 2015) . For example, Axl inhibitor, R428 (BGB324), is currently under clinical trials in patients with several cancers including acute myeloid leukemia and nonsmall cell lung cancer (Sheridan, 2013; Wu et al., 2018) . However, major effect of Axl inhibitor does not rely on modulating activity of macrophage, but blocks proliferation and migration of certain types of malignant tumors (Ben- Batalla et al., 2013; Gjerdrum et al., 2010; Linger et al., 2013) . Therefore, more precise analyses with various clinical samples are need to be performed and relevant clinical trials should be conducted using Gas6 to solidify the concept of novel anti-inflammatory regimen using TAM receptor signaling.
